ABSTRACT: Cattle consuming low-quality forages (LQF) require protein supplementation to increase forage utilization via ruminal fermentation. Biofuel production from algal biomass results in large quantities of postextraction algal residue (PEAR), which has the potential to elicit LQF utilization responses similar to cottonseed meal (CSM); however, its effect on ruminal bacterial communities is unknown. Five ruminally and duodenally cannulated Angus steers in a 5 × 5 Latin square had ad libitum access to oat straw diets. Treatments were infused ruminally and consisted of an unsupplemented control; PEAR at 50, 100, and 150 mg N/kg BW; and CSM at 100 mg N/kg BW. Ruminal samples were collected 4 h after supplementation on d 14 of each period and separated into solid and liquid fractions. Each sample was extracted for genomic DNA, PCR amplified for the V4 to V6 region of the 16S rRNA, sequenced on the 454 Roche pyrosequencing platform, and analyzed using the QIIME pipeline. Weighted UniFrac analysis and Morisita-Horn index demonstrated different community composition between liquid and solid fractions. Measures of richness including observed operational taxonomic units (OTU) and abundance coverage estimator metric decreased with greater PEAR provision (P ≤ 0.09). There were 42 core microbiome OTU observed in all solid fraction samples while the liquid fraction samples contained 30 core OTU. Bacteroidetes was the predominant phylum followed by Firmicutes in both fractions, which together characterized more than 90% of sequences. Relative abundance of Firmicutes increased with PEAR supplementation in the liquid fraction (linear, P = 0.02). Among Firmicutes, Lachnospiraceae, Ruminococcaceae, and Clostridiaceae families increased in the liquid fraction with greater PEAR supplementation (linear, P ≤ 0.03). Prevotella represented over 25% of sequences in all treatments, and relative abundance decreased in the solid fraction with increasing PEAR provision (linear, P = 0.01). Fibrobacter and Treponema decreased in the liquid fraction with increasing PEAR (linear, P < 0.10). Results suggest PEAR supplementation increased forage utilization by increasing members of Firmicutes within the liquid fraction of the rumen microbiome.
INTRODUCTION
The dynamic and adaptive qualities of the rumen microbiome allow ruminants to utilize many industrial coproducts (e.g., distillers' grains, corn gluten feed, and cottonseed hulls). Within the cow-calf phase of beef production, spring calving herds often have access to only low-quality forage (LQF; ≤7% CP) during mid to late gestation when energy requirements increase (NRC, 2000) . Supplementation of high-protein coproducts are used to increase intake and utilization of LQF through improved ruminal forage digestion (Köster et al., 1996; Mathis et al., 1999; Winterholler et al., 2012) . While the physiological response to protein supplementation is well documented with increases in ruminal ammonia and solid and liquid passage rates (Bandyk et al., 2001) , the effect of protein supplementation along with a LQF diet on the ruminal microbiome is less explored.
Advances in algal biofuel production will create a large supply (9.2 million t/yr) of postextraction algal residue (PEAR) as a coproduct that can be used as a protein supplement in cow-calf operations (Drewery et al., 2014; Bryant et al., 2012) . The high protein level (18% CP on DM basis and 32% CP on OM basis) of PEAR is similar to other traditional protein supplements. Similar improvements in forage intake and digestion were observed in response to PEAR and cottonseed meal (CSM) supplementation to steers consuming LQF (Drewery et al., 2014) . Accordingly, our objective in the present study was to evaluate the effect of increasing PEAR supplementation on the ruminal microbiome of steers consuming LQF and compare these to CSM supplementation. We hypothesize that, in accordance with increasing PEAR supplementation, there will be a corresponding shifts in phylogenetic composition of bacterial communities in the solid and liquid fractions.
MATERIALS AND METHODS

Experimental Design
The experimental protocol was approved by the Institutional Animal Care and Use Committee at Texas A&M University (College Station, TX). Five ruminally and duodenally cannulated steers (198 ± 6 kg BW) were used in a 5 × 5 Latin square design to determine effects of provision and level of PEAR supplementation on LQF utilization (Drewery et al., 2014) . Supplements consisted of 3 levels of PEAR, 50, 100, and 150 mg N/kg BW (50P, 100P, and 150P); an isonitrogenous level of CSM, 100 mg N/kg BW (100C); and an unsupplemented control (CON). Supplemental PEAR (55.5% OM and 17.9% CP, on a DM basis) was obtained from algal biomass grown photosynthetically in an open pond, flocculated, dewatered, spray dried, and extracted with a methyl pentane solvent. Steers were fed chopped oat straw (92.7% OM, 4.5% CP, and 80.3% NDF) at 0700 h and offered 130% of the previous 5-d average to ensure ad libitum consumption. Supplemental PEAR and CSM (91.0% OM, 42.9% CP, and 24.2% NDF) were dosed ruminally daily by removing ruminal contents, placing the supplements in the rumen, and returning the contents to the rumen. Steers were housed in an enclosed barn with ad libitum access to water and access to a trace mineral block. The 5 experimental periods consisted of 8 d for adaptation to treatment, 5 d for measurement of intake and digestion, and 1 d for determination of ruminal fermentation and microbiome sampling. Ruminal contents (approximately 1 kg) were collected 4 h after feeding from 4 locations within the dorsal and ventral sac of the rumen. Collected ruminal contents were mixed and squeezed through 4 layers of cheesecloth for fluid sample collection, and the remaining solid material was mixed and sampled. All samples were snap frozen in liquid nitrogen and stored at -80°C until DNA extraction. Additional parameters measured including forage intake and digestion, ruminal VFA concentration, ruminal ammonia, pH, N balance, duodenal microbial flow, and liquid passage rate were reported by Drewery et al. (2014) .
Deoxyribonucleic Acid Extraction
Deoxyribonucleic acid was extracted using the QIAamp DNA stool mini kit (Qiagen, Valencia, CA) protocol with modifications. Specifically, 3 mL of liquid or a similar volume of solid sample were mixed with 3 mL Buffer ASL (QIAamp DNA Stool Kit; Qiagen, Valencia, CA) and vortexed for 15 min. After centrifugation at 500 x g for 1 min at room temperature, 500 μL of supernatant was transferred to tubes with 0.15 mm garnet beads (Mo Bio Laboratories, Inc., Carlsbad, CA) and 1,000 μL phenol chloroform. Vortexing for 5 min completed bacterial lysis and the suspension was incubated at 95°C for 5 min. Particulate matter was pelleted via centrifugation at 13,000 x g for 1 min at room temperature;; 400 μL of the supernatant was added to 1,000 μL of Buffer ASL and 1 InhibitEX tablet (QIAamp DNA Stool Kit; Qiagen, Valencia, CA) to incubate for 1 min at room temperature. Samples were centrifuged (16,000 x g) for 7 min at room temperature and 535 μL supernatant was added to 25 μL of Proteinase K followed by 535 μL of Buffer AL (QIAamp DNA Stool Kit; Qiagen, Valencia, CA). The samples were subsequently incubated at 70°C for 20 min. After addition of 535 μL of ethanol, the mixture was added to a DNA spin column and QIAamp DNA stool mini kit recovery protocols were used to finish extraction. Extracted DNA was quantified and quality checked using a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE) and gel electrophoresis. Ethanol precipitation was performed on all samples possessing a 260:280 nm ratio below 1.7. Extracted DNA was standardized to 20 ng/μL concentration for downstream amplification.
16S rRNA Amplification and Pyrosequencing
Amplification of the V4 through V6 segment of 16S rRNA gene used barcoded primer tags and the universal eubacterial primers 530F (5′-GTGCCAGCMGCNGCGG-3′) and 1100R (5′-GGGTTNCGNTCGTTG-3′) as previously described (Dowd et al., 2008) . A single-step 30-cycle PCR using HotStarTaq Plus Master Mix Kit (Qiagen, Valencia, CA) was used under the following conditions: 1) denaturing at 94°C for 3 min, 2) 28 cycles of 94°C for 30 s, 3) annealing at 53°C for 40 s, 4) primer extension at 72°C for 1 min, and 5) a final elongation step at 72°C for 5 min. Following PCR, all amplicon products from different samples were mixed in equal concentrations and purified using Agencourt Ampure beads (Agencourt Bioscience Corporation, Beverly, MA). Pyrosequencing was performed with a Genome Sequencer FLX System (Roche, Branford, CT) using Titanium chemistry at the MR DNA Molecular Research Lab (Shallowater, TX).
Sequence Read Analysis
Sequences for each sample were processed using the QIIME pipeline v1.5.1 (Caporaso et al., 2010b) . Initially, raw flowgrams for sequences were denoised, demultiplexed, and truncated at 415 bp using AmpliconNoise (Quince et al., 2011) with Perseus option for de novo chimera removal. Denoising accounted for error associated with pyrosequencing and PCR, while truncation was performed when the average base pair quality score was <25. A total of 405,921 high-quality sequence reads (8,456 ± 2,774 sequences per sample) were used for downstream analysis. Clustering of operational taxonomic units (OTU) at 97% similarity with UCLUST (Edgar, 2010 ) generated 6,556 OTU with 698 ± 148 OTU per sample. Cluster representative sequences were aligned to the Greengenes database (gg_12_10_otus; http://greengenes.secondgenome. com/downloads) with PyNAST (Caporaso et al., 2010a) . The Ribosomal Database Project (RDP) Classifier (Wang et al., 2007) assigned taxonomic classification using a 0.8 bootstrap value based on near full-length sequences in the Greengenes database (McDonald et al., 2012) . Singleton OTU were removed to prevent artificial diversity inflation (Kunin et al., 2010) . After sample size standardization to smallest library size (2,600 sequences), OTU richness and α and β diversity were estimated. Richness refers to the numbers of OTU present in an environment and was estimated by observed OTU and the abundance coverage estimator (ACE) metric (Chao and Lee, 1992) . Alpha diversity represents the diversity within an individual sample and was described using the Shannon index (Shannon and Weaver, 1949) . In contrast, β diversity describes diversity differences between samples and was expressed with UniFrac distance and the Morisita-Horn metrics (Magurran, 2004) . Pairwise Morisita-Horn similarity was used for UPGMA (unweighted pair group method with arithmetic mean) cluster analysis. The pairwise similarity matrix was visualized using radial trees to elucidate treatment and fraction differences using FigTree v1.4 (http:// tree.bio.ed.ac.uk/software/). Also, weighted UniFrac distance measured phylogenetic dissimilarity between samples by calculating the fraction of unshared branch length between pairs of communities (Lozupone and Knight, 2005; Hamady et al., 2010) . UniFrac-based principle coordinate analysis (PCoA) provided visualization of grouping of similar microbiome environments.
Statistical Analysis
Relative abundances of bacteria present at >1% at phyla and family taxonomic level or >0.3% at the genus level were logit transformed (z = log[p/(1 -p)]) to normally distribute residuals, in which p represents the relative abundance of a bacterial taxa. Transformed data was analyzed using the MIXED procedure of SAS 9.3 (SAS Inst. Inc., Cary, NC). Terms in the model included treatment, fraction, treatment × fraction, and period with treatment nested within steer included as a random effect. Treatment means were calculated using the LSMEANS option and back transformed [p = 10 z /(1 + 10 z )]. Orthogonal contrasts were implemented for means separation within liquid and solid fraction. Contrasts included linear and quadratic response to PEAR supplementation and direct comparison of 100P and 100C treatments.
RESULTS
One animal observation (2 samples) was removed for reasons unrelated to treatment. After pyrosequencing 48 samples, 405,921 high-quality reads were used for downstream analysis. Average sequencing depth for each treatment ranged from 6,970 (50P) to 9,112 per sample (100C). Greater sequencing depth was obtained on solid samples versus liquid samples (8,181 and 7,901 sequences per sample, respectively). Clustering of sequences at 97% similarity yielded a total of 6,556 OTU. In the liquid fraction, OTU increased with additional PEAR supplementation (linear, P = 0.04). Over 99% of OTU sequences aligned to phyla in the Greengenes database, while 76 and 47% of sequences were assigned at the family and genus taxonomic level, respectively. Analysis indicated an increase in observed OTU with greater sequencing depth (Fig. 1) . After 10,000 sequences, the discovery rate of additional OTU decreased. A quadratic line fits the scatter plot of OTU observed for each sample and plateaus at 13,500 sequences per sample.
Operational Taxonomic Unit Richness and Alpha and Beta Diversity
After rarefaction to 2,600 sequences per sample, richness estimates (ACE and observed OTU) decreased in the liquid fraction with increasing PEAR supplementation (Table 1 ; P ≤ 0.09). Observed OTU were greater in the liquid fraction than in the solid (452 vs. 428; P = 0.03). Within the solid fraction, there was a trend for a linear increase in the Shannon index with increasing PEAR supplementation (P = 0.06). Although the greatest observed OTU in the solid fraction was detected for 150P, no overall effects were observed in the solid fraction (P ≥ 0.16). Additionally, an observed treatment × fraction interaction (P = 0.04) resulted from a decrease in the liquid fraction in accordance with increasing provision of PEAR, while observed OTU increased in the solid fraction with additional PEAR supplementation. Isonitrogenous 100P and 100C treatments resulted in similar α diversity and OTU richness among liquid and solid fractions (P ≥ 0.38).
Weighted UniFrac PCoA indicated a separation of liquid and solid fraction bacterial communities (Fig. 2) . The first and second principal coordinate accounted for 20.6 and 16.6% of the variation, respectively. Greater spatial heterogeneity was observed between liquid samples, while solid samples more similar phylogenetically regardless of treatment. Additional PCoA analysis of bacterial communities' association to ruminal ammonia, organic matter digestion, and NDF digestion reported by Drewery et al. (2014) did not elucidate clear treatment effects.
Morisita-Horn pairwise similarity results indicated greater homogeneity within the solid samples; only 4 samples did not group in the larger cluster (Fig. 3) . In contrast, liquid samples grouped into 4 clusters with longer branch lengths signifying greater dissimilarity. Within both fractions, treatment effects were not evident and CON samples were dispersed throughout.
Effect on Bacterial Taxa
Across all samples, Bacteroidetes and Firmicutes characterized 79.2 and 13.8% of all sequences (Fig. S1 , online data supplement). Additional phyla detected including Tenericutes, Fibrobacteres, Spirochaetes, Verrucomicrobia, and Proteobacteria were less than 5% of sequences in any sample.
Phylum Bacteroidetes represented the majority of the sequences in every treatment ranging from 66.4% (liquid 150P) to 82.9% (solid 50P; Table 2 ). Although no main effect of fraction was observed (P = 0.31), contrasts indicated the treatment response varied between fractions. In the liquid fraction, relative abundance of Bacteroidetes decreased from 81.5% for CON to 66.4% for 150P (linear, P = 0.08). Relative abundances were stable in the solid fraction and did not respond to treatment (P > 0.23). Table 1 . Effect of increasing postextraction algal residue supplementation on operational taxonomic unit (OTU) richness and alpha diversity at 97% similarity after rarefaction to 2,600 sequences per sample 1 CON = unsupplemented control; 50P = 50 mg N/kg BW of postextraction algal residue (PEAR); 100P = 100 mg N/kg BW of PEAR; 150P = 150 mg N/kg BW of PEAR; 100C = 100 mg N/kg BW of cottonseed meal.
2 ACE = abundance coverage estimator (Chao and Lee, 1992) .
3 Observed OTU = number of unique OTU detected in similarity after clustering at 97% similarity.
4 Effect of sample fraction (P = 0.03); treatment × fraction (P = 0.04).
5 Shannon index as calculated by Shannon and Weaver (1949) . Effect of increasing post extraction algal residue supplementation on beta diversity using principal coordinate analysis (PCoA) of weighted UniFrac distance (Hamady et al., 2010) .
Firmicutes was the second most abundant phylum, ranging from 8.7 (liquid 100C) to 20.8% (liquid 150P) in relative abundance. A treatment × fraction interaction was observed for Firmicutes; PEAR provision increased relative abundance in the liquid fraction (linear, P = 0.02), but no effects were observed within the solid fraction (P > 0.72). The relative abundance of Firmicutes was 179% greater in 100P than 100C in the liquid fraction (P = 0.02). Sequences from phylum Fibrobacteres consisted of up to 2% overall and exhibited a treatment × fraction interaction in the liquid fraction (P = 0.08). Relative abundance of Fibrobacteres was similar between fractions for 50P, 100P, and 100C but numerically favored the solid fraction of CON and 150P. Increasing PEAR provision resulted in a quadratic response in Fibrobacteres within observed treatment levels in the solid fraction (P = 0.01); however, in the liquid fraction, relative abundance decreased from 1.2 to 0.4% for CON and 150P, respectively (linear, P = 0.09). Moreover, a period effect was observed in Fibrobacteres relative abundance across all treatments (P = 0.05). A treatment × fraction interaction was observed for Spirochaetes (P < 0.01); this interaction was due to a linear decrease in the liquid fraction (P = 0.01) and a quadratic increase in the solid fraction (P = 0.03).
Prevotellaceae was the most prevalent family observed across all treatments, representing more than 25% of all sequences (Table 3) . Greater relative abundance of Prevotellaceae was observed in the solid fraction than the liquid (33.4 vs. 28.7%; P < 0.01). In the solid fraction, Prevotellaceae relative abundance decreased with additional PEAR supplementation (linear, P = 0.01), while proportions remained stable (27.4 to 29.8%) in the liquid fraction (P ≥ 0.53). Another predominant unclassified family observed was a member of the order Bacteroidales. The unidentified Bacteroidales family favored the solid over the liquid fraction (20.0 vs. 13.6%; P < 0.01), but no treatment response was observed. Alternatively, Paraprevotellaceae was more predominant in the liquid fraction (P < 0.01). Within the solid fraction, relative abundance of Paraprevotellaceae increased with additional PEAR (linear, P = 0.05). There was an observed treatment × fraction interaction for Lachnospiraceae (P = 0.02); although Lachnospiraceae was observed in greater proportions in the solid fraction (P < 0.01), populations within the liquid fraction increased with PEAR supplementation (linear, P = 0.01). Moreover, relative abundance of Lachnospiraceae in the liquid fraction of 100P was 195% greater than 100C (P = 0.01). Ruminococcaceae represented a greater proportion of the liquid fraction overall (P < 0.02) except for CON. Within the liquid portion, increasing PEAR supplementation supported a linear increase in relative abundance of Ruminococcaceae (P = 0.03). The treatment × fraction interaction for family S24-7 (P = 0.07) indicated the quadratic increase (P ≤ 0.05) in relative abundance within the liquid and solid fraction changed in the magnitude of difference with increasing PEAR supplementation. The response of S24-7 to supplementation was the only observed treatment effect consistent in liquid and solid fractions. Overall, a greater proportion of sequences in solid samples were represented by S24-7 than in liquid samples (3.8 vs.
1.5%; P < 0.01). Clostridiaceae within the liquid fraction increased in relative abundance with increasing PEAR (linear, P = 0.01); however, no observed treatment effects in the solid fraction caused a treatment × fraction interaction (P = 0.07). Additionally, a greater proportion of Clostridiaceae was represented in 100P compared to 100C in the liquid fraction (3.4 vs. 1.2%; P < 0.01). The unclassified Bacteroidales family (Other) represented up to 3.5% of sequences for any treatment but was more prevalent in the solid fraction (P < 0.01). Families BS11, Bacteroidaceae, Porphyromonadaceae, and Veillonellaceae were relatively more abundant in the liquid fraction (P < 0.01). Overall, 11 of the 14 most abundant families were fraction associated. Taxonomic resolution at the genus level demonstrated that all members of family Prevotellaceae belonged to genus Prevotella and were consistent with previously discussed effects (Table 4) . Similarly, treatment and fraction effects for Clostridium, the second most identified genus, corresponded to results for Clostridiaceae. Genus CF231 was detected in greater relative abundance in the liquid fraction (P = 0.02) than the solid, with the exception of 150P. A quadratic response was observed in the liquid fraction (P < 0.01), while CF231 was greater in the solid fraction of 100P versus 100C (2.4 vs. 1.5%; P = 0.04). Within the solid fraction, relative abundance of YRC22 increased with additional PEAR supplementation (linear, P = 0.08) and was highest for 150P (2.9%). BF311, Paludibacter, and Succiniclastium represented a greater proportion of sequences in the liquid fraction (P ≤ 0.01). Specifically, the treatment response of Paludibacter differed by fraction (P = 0.02) with a 9-fold greater relative abundance in the liquid fraction, except for 150P. Ruminococcus also increased linearly with provision of PEAR in the liquid fraction (P = 0.01), as observed for Ruminococcaceae; however, less than one quarter of the Ruminococcaceae sequences were assigned to the genus Ruminococcus. Over 60 and 82% of Spirochaetes sequences corresponded to genus Treponema in liquid and solid fractions, respectively. Although there was a similar response within fraction to phyla Spirochaetes, relative abundance of Treponema was greater in solid samples (P = 0.03) and increased with additional PEAR provision (linear, P < 0.01). In contrast to family Bacteroidaceae, relative abundance of genus 2 CON = unsupplemented control; 50P = 50 mg N/kg BW of postextraction algal residue (PEAR); 100P = 100 mg N/kg BW of PEAR; 150P = 150 mg N/kg BW of PEAR; 100C = 100 mg N/kg BW of cottonseed meal.
3 Fraction = main effect of liquid vs. solid fraction.
4 Treatment × fraction (P < 0.1). 5 Period effect (P = 0.05).
6 Treatment × fraction (P < 0.01).
Bacteroides was not significantly impacted by treatment or solid fraction (P > 0.1). Less than 10% of sequences in family Lachnospiraceae were assigned to known genus Butyrivibrio; therefore, identified OTU did not correlate to treatment effects observed at the family level.
Core Microbiome
Bacterial OTU present in all samples within either fraction were considered part of the core microbiome. Similar to richness results, the core microbiome was larger for the solid fraction samples (42 OTU) compared with the liquid fraction (30 OTU). Within the solid fraction, genus Prevotella represented 13 OTU including Prevotella ruminicola, and order Bacteroidales accounted for 10 OTU (Table S1 , online data supplement). Additionally, Fibrobacter succinogenes, 2 genus Clostridium, 5 family Lachnospiraceae, and 2 family Ruminococcaceae OTU were ubiquitous in solid samples. At the phyla level, 67% of solid fraction core OTU were Bacteroidetes and 28% were Firmicutes. In contrast, Bacteroidetes and Firmicutes were more similarly represented within the liquid samples (57 and 43%, respectively). Specifically, 5 order Bacteroidales, 7 genus Prevotella, and 4 Ruminococcaceae OTU were detected in all liquid samples (Table S2 , online data supplement). Across both fractions, 20 OTU were considered part of the core microbiome including 4 order Bacteroidales OTU, P. ruminicola, and 4 other genus Prevotella OTU. 3 Fraction = main effect of liquid vs. solid fraction. 4 Order Bacteroidales.
5 Treatment × fraction (P < 0.05). 6 Treatment × fraction (P < 0.1).
7 Order RF39.
DISCUSSION
Community-level differences between liquid and solid fractions were distinguished by UniFrac PCoA analysis and are supported by previous work (Larue et al., 2005; Brulc et al., 2009; Pitta et al., 2010) . While previous UniFrac analysis has detected nutritional effects on the rumen microbe (Lee et al., 2012; Li et al., 2012) , our results were not surprising due to the overall similarity of dietary treatments as the same basal forage represented a minimum of 85% of the total diet (Drewery et al., 2014) . Weighted UniFrac PCoA graphs indicated a smaller spread within the solid samples, suggesting that greater dissimilarity within the liquid fraction samples could be linked to treatment effects. Labeling PCoA charts by treatments (not shown) did not elucidate treatment effects, suggesting that variation between animals was greater than differences between treatments via whole community UniFrac phylogenetic β diversity.
Clustering analysis using the pairwise Morisita-Horn similarity index provided detailed visualization of treatment effects on bacterial communities. Morisita-Horn cluster analysis was more effective in separating sample fractions, and shorter branch lengths suggest that solid bacterial communities were more similar than those in the liquid fraction. Significant variation in the ruminal microbiome among animals on common diets has been observed (Brulc et al., 2009; Rius et al., 2012) ; after switching ruminal contents of 2 cows on a common diet, Weimer et al. (2010) observed ruminal pH and VFA concentration reestablished within 24 h followed by the bacterial community as soon as 14 d. The ability of the Morisita-Horn index to differentiate between bacterial communities may result from its emphasis on the most abundant species to determine similarity (Magurran, 2004) . Accordingly, the observed differences between fractions are driven by the predominant taxa. Less similarity among liquid samples suggests that taxa responding to protein supplementation are located in the liquid fraction. 1 Genera listed were detected at greater than 0.3% relative abundance averaged across all samples and assigned taxonomic identification.
2 CON = unsupplemented control; 50P = 50 mg N/kg BW of postextraction algal residue (PEAR); 100P = 100 mg N/kg BW of PEAR; 150P = 150 mg N/kg BW of PEAR; 100C = 100 mg N/kg BW of cottonseed meal.
4 Treatment × fraction (P < 0.1).
5 Treatment × fraction (P < 0.05).
Combining measures of richness and evenness, the Shannon index describes changes in α diversity. The linear increase in α diversity in the solid fraction with increasing PEAR could result from the numerical increase in richness detected by ACE and observed OTU. Since neither richness estimate significantly increased in the solid fraction (P > 0.1), evenness may have also increased with PEAR provision. Shannon values (6.46-7.12) in our study are slightly higher than observed by Pitta et al. (2010) and Lee et al. (2012) from cattle fed bermudagrass hay (6.28) or a finishing ration (6.05), respectively. Greater diversity may be due to greater sequencing depth and cellulolytic content of the basal forage.
Supplemental PEAR decreased estimates of richness in the liquid fraction. While only 15% of the total intake of 150P was provided as supplement, decreased OTU richness has been documented as steers adapted from a hay diet to a feedlot ration (Fernando et al., 2010) . Similarly, Pitta et al. (2010) observed greater richness for a hay diet compared to grazed wheat with greater differences in the liquid fraction.
The core microbiome consisted of lineages primarily from Bacteroidetes and Firmicutes phyla. Differences in the core microbiome between fractions were similar to richness with greater number of OTU in the solid fraction. Across 16 animals on a common dairy ration, 157 core OTU were identified with ≥50% identified as genus Prevotella (Jami and Mizrahi, 2012) . Additional core OTU consistent between the current project and that of Jami and Mizrahi (2012) include order Bacteroidales, order Clostridiales, family Lachnospiraceae, and family Ruminococcaceae.
Prevotella is well documented as a primary genus in the rumen microbiome (Whitford et al., 1998; Stevenson and Weimer, 2007; Callaway et al., 2010) . The variety of rations used in these experiments underscores the diverse metabolic potential of Prevotella species. Prevotella species have a role in metabolism of starch (Cotta, 1992) , hemicellulose (Matsui et al., 2000) , pectin (Dehority, 1991) , and peptide or protein catabolism (Attwood and Reilly, 1995) . Of the 4 culturable Prevotella species, P. ruminicola has the greatest ability to catabolize the xylan component of hemicellulose (Matsui et al., 2000) . In vitro co-culture of P. ruminicola with cellulolytic F. succinogenes or Ruminococcus flavefaciens increased cellulose degradation above the ability of either cellulolytic species alone (Fondevila and Dehority, 1996) . These synergistic interrelationships may be caused by presence of hemicellulolytic carbohydrate esterases, which degrade ferulic acid esters and acetyl esters within the genome of P. ruminicola (Kabel et al., 2011) . Isolation of Prevotella species from liquid and solid rumen fractions indicated that known culturable species represented only 22% of the genus Prevotella (Bekele et al., 2010) ; divergent uncultured Prevotella phylotypes were observed in each fraction, suggesting different niches for various uncultured Prevotella species. The P. ruminicola and Prevotella bryantii genomes lack several xylanase enzymes possessed by members of Bacteroidetes, suggesting an alternate method of xylan degradation or role in nutrient cross-feeding . Prevotella populations in the solid fraction of steers supplemented with PEAR may have decreased due to their lower proteolytic activity relative to other Bacteroidetes members. Overall, the relative abundance of Prevotella was similar to proportions observed for steers consuming bermudagrass hay (Pitta et al., 2010) .
Firmicutes responded positively to PEAR supplementation in the liquid fraction, but 100C levels were similar to CON, suggesting that this response was driven by nutrients other than supplemental PEAR N or more rapid release of N from PEAR. Within phylum Firmicutes, a linear increase was observed for Lachnospiraceae, Ruminococcaceae, and Clostridiaceae families in the liquid fraction with increasing PEAR in addition to greater relative abundance in 100P versus 100C. Although no treatment effects were observed in the solid fraction, all 3 families were detected at 2 to 5% relative abundance, suggesting a role in fiber degradation.
Within phylum Firmicutes, Clostridium was the predominant genus and relative abundance increased with PEAR supplementation in the liquid fraction. Multiple Clostridium species, including Clostridium sticklandii and Clostridium aminophilum, have demonstrated ammonia producing activity 20-fold greater than P. ruminicola (Russell et al., 1988; Paster et al., 1993) . These bacteria have been referred to as hyperammonia producers or obligate amino acid fermenters and their excess release of ammonia reduces the benefit of protein to other bacteria and the host (Farmer et al., 2004) . Small populations of obligate amino acid fermenters may be below typical detection levels for pyrosequencing. Drewery et al. (2014) reported ruminal ammonia concentrations between 100P and 100C were not different 4 h after supplementation and suggested that ruminal ammonia apex for 100P was likely reached before sampling. Cellulolytic Clostridium species isolated from the rumen include Clostridium chartatabidum (Kelly et al., 1987) , Clostridium cellobioparum (Hungate, 1944) , Clostridium lochheadii, and Clostridium longisporum (Hungate, 1957) . The majority of novel Clostridium clones isolated from the rumen of sheep on a hay diet were most similar to Clostridium thermosuccinogenes, which ferments glucose and fructose to succinate or acetate, or the fibrolytic Clostridium leptum (Larue et al., 2005) . Low abundance of ruminal Clostridium species or insufficient sequence length may have prevented detection and classification. Future studies should use species-specific probes to improve determinations of the taxa responding to supplemental protein in the liquid fraction.
Family Ruminococcaceae and genus Ruminococcus increased in the liquid fraction with increasing PEAR supplementation. Although the majority of sequences were not identified at the genus level, 14 Ruminococcus OTU were identified at the species level including Ruminococcus bromii, Ruminococcus callidus (4), and R. flavefaciens (9). Similarly, Thoetkiattikul et al. (2013) also observed few sequences within Ruminococcaceae that were identified within the genus Ruminococcus. Probes designed for R. flavefaciens also amplified R. callidus, underscoring their similarity (Stevenson and Weimer, 2007) , and both have been associated with cellulose and hemicellulose hydrolysis (Dehority and Scott, 1967) . Several novel ruminococci with noncellulolytic activities have been shown to be phylogenetically dissimilar from original cellulolytic ruminococci (Rainey and Janssen, 1995) . Further phenotypic tests indicated that this group of ruminococci can ferment glucose, maltose, and mannose (Liu et al., 2008 ). Although at the family level there is a difference between fractions, a fraction association was not observed within the identified genus Ruminococcus. Members of Ruminococcaceae unidentified at the genus level in this study are more prevalent in the liquid fraction even though ruminococci identified at the genus level also increased with PEAR supplementation.
Within family Lachnospiraceae, genera Butyrivibrio and Pseudobutyrivibrio are thought to be the main butyrate producers in the rumen and are considered to be effective hemicellulose degraders (Diez-Gonzalez et al., 1999; Paillard et al., 2007) . Butyrivibrio species have been found mainly in solid fraction (Whitford et al., 1998; Tajima et al., 1999; Koike et al., 2003) , and several are noted for high proteolytic activity (Cotta and Hespell, 1986; Attwood and Reilly, 1995; Sales et al., 2000) . Butyrivibrio fibrisolvens is commonly detected by PCR probes (Forster et al., 1997) and has been shown to decrease with adaptation to concentrate diets (Mrázek et al., 2006; Fernando et al., 2010) . Although family Lachnospiraceae increased in relative abundance with PEAR in the liquid fraction, less than 8% of sequences were classified to known genus Butyrivibrio and significant treatment effects were not detected.
Fibrobacteres at the phylum and genus level decreased with additional PEAR provision. Although traditionally accepted as a predominant cellulolytic species in the rumen (Stewart et al., 1997; Wanapat and Cherdthong, 2009 ), Jami and Mizrahi (2012) detected F. succinogenes in only half of their samples using pyrosequencing. Our results indicated Fibrobacter represented <2% in relative abundance. de Menezes et al. (2011) observed Fibrobacteraceae levels of >5% in the solid fraction of a pasture diet, supporting the possibility of PCR bias in Fibrobacter detection as discussed by Tajima et al. (2001) . Addition of dietary concentrate decreased relative abundance of Fibrobacteraceae in the solid (de Menezes et al., 2011) and liquid fraction (Thoetkiattikul et al., 2013) . Greater urea content in isonitrogenous protein supplements (65 mg N/kg BW) fed to swamp buffalo consuming rice straw (2% CP) increased cellulolytic species determined by roll-tube technique (Nguyen et al., 2012) . However, no change in absolute abundance of F. succinogenes was detected by real-time PCR with the increase in urea.
The response of genus Treponema to PEAR supplementation correlated to phylum Spirochaetes, of which it represented greater than half of the sequences. A greater percentage of the phylum Spirochaetes in the solid fraction was identified as Treponema compared to the liquid fraction (82 vs. 60%, respectively). Treponema saccharophilum can ferment pectin, starch, mannose, galactose, and arabinogalactan (Paster and Canale-Parola, 1982) , while Treponema bryantii can metabolize xylose, mannose, galactose, and pectin (Paster and Canale-Parola, 1985) . However, T. bryantii makes up only a small fraction of genus Treponema isolated from the rumen (Bekele et al., 2011) . Although culturable treponemes are noncellulolytic, they were associated with the solid fraction and increased fiber degradation in co-culture with F. succinogenes (Stanton and Canale-Parola, 1980; Kudo et al., 1987) . This association is supported by our results as we found that treponemes responded similarly to supplementation in the solid fraction. A positive correlation between Fibrobacter and Spirochaetes has also been observed by pyrosequencing and PCR (Tajima et al., 2001; de Menezes et al., 2011) . Recently, a draft genome of a novel Treponema isolated from the rumen suggests that it has a broader range of carbohydrate activity than T. bryantii with predicted cellulases, endohemicellulases, glycoside hydrolases, and carbohydrate esterase enzymes (Rosewarne et al., 2012) .
In a similar study, in vitro rate of ammonia production increased after supplementation to steers consuming LQF with greater rates associated with higher levels of supplementation (Bell et al., 2013) . However, most probable number estimates of ammonia acid-utilizing bacteria demonstrated a slight decrease in log 10 cells per milliliter for the highest level of supplementation. This could indicate that fewer bacteria are responsible for greater ammonia production via increased activity levels. Drewery et al. (2014) observed supplemental PEAR stimulated an increase in forage OM intake and total digestible OM intake with the greatest level at 100P. Although OM and NDF digestion also increased quadratically, the peak at 50P attests to the competing dynamics of passage rate and digestion (Robinson et al., 1985) . Although changes in bacterial relative abundance are linked to increasing PEAR provision, overall similarity between CON and 100C indicates ruminal microbiome composition alone may not explain improvements in intake and digestion associated with protein supplementation.
